Abstract This study investigates the 2D-lateral distribution of frequency-dependent crustal seismic attenuation parameters beneath the central part of the North Anatolian Fault Zone in Turkey. Parameter estimations are based on an optimal fit between observed and synthetically computed seismogram envelopes in four different frequency bands (1.5 to 12 Hz). The forward modeling of the synthetic data relies on acoustic radiative transfer theory under the assumption of multiple isotropic scattering. Lateral variations of intrinsic and scattering attenuation clearly separate the main Electronic supplementary material The online version of this article (https://doi.org/10
Introduction
The North Anatolian Fault Zone (NAFZ) is regarded as one of the largest plate bounding transform faults and separates the Anatolian Plate to the south from the Eurasian Plate to the north. To describe and better understand the propagation of seismic waves in that region, a profound knowledge of the Earth's heterogeneous subsurface between source and receiver is required. In addition to the commonly investigated parameters such as seismic velocity or anisotropy, information about the seismic attenuation parameters of the medium is of great importance. Attenuation is expressed by the decrease of seismic wave ampli-tude and is mainly caused by three factors. The first factor is energy loss due to geometrical spreading of the seismic waves from the source into a spherical wavefront. The second mechanism responsible for the decrease in seismic wave amplitude is intrinsic attenuation. The propagation of seismic waves is not completely elastic and consequently small fractions of wave energy are converted into other forms of energy, such as mineral dislocations or frictional heat. The third parameter, which contributes to the apparent attenuation of seismic waves, is scattering attenuation. This mechanism can be described as the redistribution of seismic energy at 3D-heterogeneities of the subsurface medium. These scattering events generate the seismic coda, the part of the seismic signal recorded after the passage of the direct phase arrivals (Aki 1969; Aki and Chouet 1975) . Numerous studies in the past suggested that unlike direct waves, highfrequency scattered waves are more or less insensitive to source radiation pattern effects due to an averaging of coda waves that sample the entire focal sphere (Aki 1969; Aki and Chouet 1975; Mayeda and Walter 1996; Eken et al. 2004 ). Due to the fact that the coda wave amplitude is proportional to the excitation of the source, the use of coda waves to extract information about the seismic source has recently become popular. Coda wave amplitudes derived from a recent empirical coda normalization approach using local and regional earthquakes have been found to be three to four times more robust than those obtained from the direct phases (Yoo et al. 2011) . A comprehensive review for multiple theoretical and observational approaches for the analysis of coda waves can be found in Sato et al. (2012) . Several approaches are routinely used for the separation of intrinsic and scattering attenuation. One approach is referred to as diffusion approximation and is based on the assumption of strong multiple scattering and can only be applied for long lapse times (Dainty et al. 1974; Wegler and Lühr 2001) . A further commonly used method to investigate the attenuation parameters is radiative transfer theory (RTT), a method first introduced by Chandrasekhar (1960) to describe the transport of light in the turbulent atmosphere and which was only later transferred to the field of seismology (Weaver 1990; Turner and Weaver 1994; Ryzhik et al. 1996) . Two main branches of this method were developed for the purpose of seismic attenuation imaging. A majority of studies use the approach of isotropic acoustic scattering of seismic energy, an approach which only simulates the propagation of shear wave energy under the assumption of scattering with no preferred direction. One method that is using this approach as forward algorithm is multiple lapse time window analysis (MLTWA). MLTWA is applying coda normalization and uses energy ratios calculated from averaged data in multiple time windows to estimate attenuation parameters. Detailed information for studies employing the MLTWA can be, for example, found in Fehler et al. (1992) , Hoshiba (1993) , or Carcolé and Sato (2010) . A further approach uses isotropic acoustic RTT to directly fit synthetic and observed coda and a time window for the direct S-wave. This approach does not rely on coda normalization. For studies applying this approach, see for example Sens-Schönfelder and Wegler (2006) or Eulenfeld and Wegler (2016) . The assumption of anisotropic scattering was further incorporated in the approach of RTT and was for example used by Gusev and Abubakirov (1987) . This development allowed the modeling of forward scattering and consequently the simulation of peak broadening effects of the direct seismic wave arrivals. The second branch of studies deals with the modeling of elastic energy propagation (Zeng 1993; Przybilla and Korn 2008; Sens-Schönfelder et al. 2009; Gaebler et al. 2015b ) and subsequently allows including the propagation of P-energy as well as conversion effects between P-and S-energy. In this study, we simultaneously invert for attenuation parameters, as well as source and site effects using the approach of acoustic RTT under the assumption of multiple isotropic scattering without having to apply a coda normalization method. The choice of isotropic scattering is justified also for an anisotropic scattering regime. This was shown in a study by Gaebler et al. (2015a) , in which results from more complex elastic RTT simulations yielded nearly identical results as simulations based on a simpler approach using acoustic isotropic RTT. These findings allow us to rely on the concept of acoustic isotropic RTT, even in this very heterogeneous and complex tectonic regime developed under intense active deformation.
Study area and data
Section 2.1 briefly summarizes the tectonic and geological setting of the NAFZ, and some previous studies focusing on the region of interest are presented in Section 2.2. Information about the utilized seismic data and station details can be found in Section 2.3.
The North Anatolian Fault Zone
The Cenozoic closure of the Tethys ocean and the following convergent plate motions (for example the continental collision of the Arabic Plate with the Eurasian plate) are considered to be responsible for shaping the recent tectonic settings of the eastern Mediterranean and Anatolia (Dewey and Ş engör 1979; Taymaz et al. 1990; Taymaz et al. 2004 ). See Fig. 1 for an overview of the tectonic settings of Anatolia and of the surrounding regions.
The NAFZ and the East Anatolian Fault Zone (EAFZ) represent the major plate boundaries along which the strain localization controls the current deformation. The NAFZ is an intercontinental right lateral (dextral) strike-slip fault of 1600 km length between the Eurasian plate in the north and the Anatolian plate in the south. The present work focuses on seismic attenuation characteristics within the crustal portion of the central NAFZ consisting out of various converging tectonic blocks such as the Central Pontides, the Istanbul Zone, the Intra-Pontides, the Izmir-Ankara-Erzincan Suture Zones (IAESZ), the Kırşehir Massif, the Ezine Pazari-Sungurlu Fault, and the Ç ankırı Basin (Kaymakçı et al. 2000) . Two characteristic geological features are the Pontides to the north, which are considered as the eastern follow-up of the Rhodope-Pontide fragments and the Ç ankırı Basin consisting of an upper Cretaceous ophiolitic melange and granitoids (Robertson et al. 2009) . A more than 4-km-thick sedimentary infill ranging from Late Cretaceous to present age is typical for that basin.
Previous investigations of crustal properties
in the study area
Recently conducted temporary passive seismic experiments in the region have greatly contributed to an increase of knowledge of the crustal structure. They shed light into unknown seismic P-and S-wave speed variations as well as the geometry of discontinuities in crust and mantle. Investigations of the lateral distribution of the coda wave quality factor Q c estimated in five subregions along the NAFZ from east to west have shown that the largest change of Q c with lapse time was observed at the western edge in the Yalova-Saros region. This emphasizes the significance of regional heterogeneity (Sertcelik and Guleroglu 2017) . The analysis of converted waves showed that crustal thickness varies between 35 and 40 km (Vanacore et al. 2013) . Findings on crustal thicknesses from an offshore seismic survey implied that the crust could be much thinner (25 to 30 km) towards the west in the Marmara Sea region (Laigle et al. 2008 ). Seismic activity in Central Anatolia is not only associated to the main branch of the NAFZ. There are several moderate earthquakes, for example the 2000 Orta earthquake (Taymaz et al. 2007) or the 2005 and 2008 Balâ-Sırapınar earthquakes (Ç ubuk et al. 2014 ) that are distributed widespread in the southern block as the possible indication for ongoing internal deformation across the Anatolian Plate. Using the inversion of travel time, residuals extracted from the seismic activity (Yolsal-Ç evikbilen et al. 2012) have reported pronounced P-wave velocity heterogeneities of up to 6% in the central part of the NAFZ. Results from Pnphase traveltime inversions exhibited average Pn-wave velocities of around 7.9 km/s with average velocity fluctuations of 0.1% along the strike of the NAFZ (Gans et al. 2009 ). This is consistent with the shear wave velocity distribution at 50 km depth in a recent multi-scale waveform tomographic inversion (Fichtner et al. 2013a, b; Ç ubuk-Sabuncu et al. 2017 ) as well as with S-wave velocity perturbations resolved within the inversion of ambient noise data (Delph et al. 2015) . Most recently, based on azimuthal variations of Pto S-converted waves, Licciardi et al. (2018) reported a clear asymmetric distribution of crustal properties between the northern and southern blocks divided by the NAFZ. They observed more heterogeneous and stronger anisotropic behavior in the southern block while in the north, a simple and weakly anisotropic crust is typically observed.
Earthquake data and station network
The waveform data used in this study was recorded within the framework of the North Anatolian Fault passive seismic experiment, a joint project between the University of Arizona, Istanbul Technical University, Middle East Technical University, and Bogazici University (Kandilli Observatory and Earthquake Research Institute) (Beck and Zandt 2005) . The continuous waveform data of this experiment can be Data from four of the stations could not be used in the inversion process due to low signal-to-noise-ratios at that particular stations. Overall, 1422 waveforms with high-quality S-wave signals from 172 local events were used in the inversion process. Local magnitudes M L of the events range from 3.0 to 5.0, epicentral distances of the used waveforms are in the range from 0 to 120 km, to avoid first arrivals from guided Sn-waves. Only events in depth range between 0 and 10 km were used for the estimation of the attenuation parameters. This is to ensure that the coda waves mainly sense the upper crust and do not reflect the attenuation parameters of the lower crust or upper mantle. Earthquake parameters, such as hypocenter location, source-time, and magnitudes, were reported by the Turkish Disaster and Emergency Management Authority (AFAD). An overview of station and event locations is presented in Fig. 2 .
Inversion using acoustic radiative transfer theory
The inversion procedure consists of two steps. First, for each analyzed earthquake and all nearby stations, attenuation parameters and spectral source densities are determined at different frequencies using acoustic RTT. Second, the attenuation results for different events are averaged at each station and interpolated between station locations. In this study, we simultaneously invert for the intrinsic absorption parameter b, the transport scattering coefficient g * , the dimensionless energy site amplification factor R, and the spectral source energy W in Joule/Hz by solving a least squares linear equation system. Bounds for b and g * are 10 −9 to 10 −2 and 10 −4 to 10 1 , respectively. The details of the inversion method are comprehensively described in Eulenfeld and Wegler (2017) . Here, we only give a summary of the processing steps and specify the parameters employed in the present study. For each earthquake, we use data of stations with a distance smaller than 120 km. Data is filtered with a Butterworth bandpass filter in octave frequency bands with central frequencies at 1.5, 3.0, 6.0, and Total energy envelopes from the full seismograms of the three components at each station are calculated with the help of the Hilbert transform. The envelope noise level before the P-wave arrival is removed from the data. Preliminary S-wave arrivals are calculated using a local S-wave velocity model compiled from Delph et al. (2015) . As no phase picks are available, the S-wave window is chosen rather broad to ensure that it includes all direct S-wave energy and starts 3 s before the S-wave arrival and ends 5 s afterwards. The coda window is defined to start at the end of the Swave window and has a maximum length of 95 s. The coda window might be shorter if signal to noise ratio falls under a level of three or if the smoothed envelope does not decline with time but starts rising again (for example due to an aftershock). Waveform data of stations with coda windows shorter than 20 s are not used in the inversion, though. If data of less than three stations is available, the corresponding frequency band is completely removed from the analysis for this event.
Furthermore, to clearly mark the boundary between the northern and southern part of the NAFZ, only station-event-pairs that are both located either north or south of the NAFZ are used in the inversion process. Stations on the opposite site of the NAFZ as the investigated event are discarded and not used in the inversion. Theoretical envelopes are calculated based on Eulenfeld and Wegler (2016, eq. 1):
where i, t, and r i represent station index, lapse time, and the distance vector pointing from the hypocenter to the station location, respectively. G is the scattering Green's function of the envelope given by acoustic radiative transfer (Paasschens 1997 (Gaebler et al. 2015a; Eulenfeld and Wegler 2017) :
The parameter f denotes frequency, and v 0 is the mean S-wave velocity, which is obtained from a local S-wave velocity model by Delph et al. (2015) . Data in the S-wave window is averaged and weighted with the length of the S-wave window. Data in the coda window is smoothed with a 1-s Bartlett window. The reasoning behind the special handling of the S-wave window is that effects of anisotropic scattering are not correctly described by the employed acoustic Green's function near the direct S-wave arrival. For example fits between observed and modeled envelopes, we refer the reader to Figs. 3 and 4. In the second step, we follow the procedure described in Eulenfeld and Wegler (2017) . The calculated observables Q 
Results of the inversion process
Example fits between synthetic and observed envelopes demonstrate the performance of our inversion and are presented in Section 4.1. A comparison of magnitudes obtained in the inversion and from the catalog is given in Section 4.2. Finally in Section 4.3, we present the 2D-lateral distribution of intrinsic and scattering attenuation that is individually estimated at each station.
Example data fits
To model the synthetic envelopes, the method of acoustic RTT is applied; therefore, it is only possible to model the propagation of S-wave energy. Consequently, only the fit between the direct S-wave arrival as well as the fit between the seismic coda following the direct S-wave arrival of the synthetic and observed data can be determined. This is justifiable as S-wave energy dominates most of the seismic signal, mainly from the direct arrival of the S-wave to the late parts of the seismic coda (Ryzhik et al. 1996; Gaebler et al. 2015b ). In For all magnitudes and frequency bands, the direct onset of the S-wave can be modeled with high accuracy in terms of amplitude of the envelopes. The decay of the seismic coda for time windows of up to 50-75 s can be modeled with high accuracy as well. Note the faster decay of the seismic coda for higher frequencies. The overall quality of data fits is comparable with fits presented in Gaebler et al. (2015a) and Eulenfeld and Wegler (2016) . Figure 3 clearly displays that for different regions of the study area and for events with different magnitudes, the observed data can be well described with the model data. Figure 4 additionally shows the fits in the remaining frequency bands for event 1 not shown in Fig. 3 and points out that fits are acceptable across all frequencies for one individual event.
Magnitude comparison
As a side product of the inversion, additionally to the attenuation parameters, the moment magnitude M w for each individual earthquake in our dataset is estimated by taking the geometric mean of the source displacement spectrum at frequencies smaller than 6 Hz. For further details on the computation of M w , the reader is referred to Eulenfeld and Wegler (2016) . Figure 5 shows a comparison between M w estimated during the inversion process and local Richter magnitudes obtained from AFAD.
In general, a good agreement between both types of magnitudes can be observed. This indicates that the modeling of scattered S-waves using acoustic RTT under the assumption of multiple isotropic scattering is appropriate to relate the amplitude and the decaying character of the coda wave envelopes to the seismic moment of the source. Routinely determined magnitudes such as M L or m b are calculated from phase amplitudes and are strongly sensitive to source radiation patterns and lateral variations along the path . M w , in contrast to M L , essentially represents a direct measure of the strength of an earthquake caused by fault slip and is estimated from a relatively flat portion of the source spectra at low frequencies. For these low frequencies, seismic attenuation is not drastically affected by near-surface structure (Ristau et al. 2003) . Earlier coda wave studies performed on local and regional earthquakes in the region (Eken et al. 2004; Gök et al. 2016 ) utilized an Fig. 3 , but fits are shown for three remaining frequency bands (3, 6, and 12 Hz) of event 1 (see Fig. 3) empirical coda waves approach that assumes a simple 1-D radially symmetric spath correction. Furthermore, the amplitude-distance relationships were examined using coda waves based on 2-D path-corrected station techniques earlier employed in Mayeda et al. (2005) and Phillips et al. (2014) to improve the resolution of earthquake source parameters. Resultant magnitude estimates showed a good accordance with the estimates from regional moment tensor inversions for the same events. In this study, we do not have too many earthquakes with M w > 3.5 but for available ones, we observe a promising correlation with the corresponding local magnitudes. A good correlation between coda-derived magnitudes with either moment or local magnitude scales for the earthquakes with M w > 3.5 suggests that empirical or non-empirical (this study) coda envelope fitting algorithms successfully worked in this tectonically complex region. In Fig. 5 , it can be observed that the correlation between M L and M w gets worse for smaller events. This could be explained by the fact that direct waves of small events are more subject to near-surface attenuation effects due to their higher frequency content. Therefore, their amplitude measurements for M L cannot easily be related to the seismic moment. Furthermore, small errors during the inversion in the estimation of the other parameters (Q
s ) may also lead to errors in the estimation of the moment magnitude.
Intrinsic and scattering attenuation
The 2D-lateral distribution of intrinsic, scattering, and total attenuation is presented in Fig. 6 .
For the entire study area, our method yields values from 0.0015 in the 12 Hz band up to 0.008 in the 1.5 Hz band for the inverse of the intrinsic quality factor Q i , the median absolute deviations are in the range from 4 to 20% for 1.5 Hz, from 2 to 16% for 3.0 Hz, from 4 to 12% for 6.0 Hz and from 8 to 20% for 12.0 Hz. For Q −1 s , the values range from 3 to 33% for 1.5 Hz, from 10 to 30% for 3.0 Hz, from 10 to 40% for 6.0 Hz, and from 20 to 40% for 12.0 Hz. An overview of the values for the median absolute deviation in percent for Q −1 i and Q −1 s is given in Fig. 7 .
It is visible that deviations for Q −1 s are significantly higher than the deviations for Q
is very robust, as it is mainly related to the stable decay of the seismic coda. In contrast, the estimation of Q −1 s is more susceptible to uncertainties, as it relies on the energy ratio of the direct S-wave and the coda wave. Despite the relatively high median absolute deviations, our method still yields reliable results for Q for the northern and southern part of the NAFZ is presented in Fig. 8 .
The frequency dependence of the total attenuation (see right part of Fig. 8 ) follows a best fitting power law of 0.013 × f −0.67 for the blocks north of the NAFZ and 0.011 × f −0.71 for the blocks south of the NAFZ. These values are comparable with findings from Eulenfeld and Wegler (2016) , who investigated seismic attenuation parameters for geothermal reservoirs in Germany for frequencies between 1 and 70 Hz. Our results suggest that over the entire study region, intrinsic attenuation is clearly dominant over scattering attenuation. Amounts of attenuation resolved in this study are comparable with results for crustal structure estimated in other studies (SensSchönfelder and Wegler 2006; Carcolé and Sato 2010; Calvet and Margerin 2013; Gaebler et al. 2015a ). For an overview over crustal intrinsic and scattering attenuation parameters, we refer the reader to the sup- Sato et al. (2012) or Rachman et al. (2015) . The lateral variations of intrinsic attenuation exhibit clear visible differences between parts north and south of the NAFZ in all investigated frequency bands. This profound contrast marks the surface boundary of the NAFZ between two major tectonic units, the Ç ankırı Basin and the Central Pontides in the study area. Seismic energy loss due to the anelastic processes or internal friction during wave propagation is strongly controlled by temperature (Cormier 2011). Eulenfeld and Wegler (2017) for a tectonically active region and hence can explain the high intrinsic attenuation values in the north of the NAFZ. In fact, high heat flow in this region is evident from the thick volcanic and volcano-sedimentary rocks that are cut by steeply dipping faults (Ustaömer and Robertson 2010) . Besides this, an ∼ 4-km sedimentary landfill that ranges from the Late Cretaceous to present age in the Ç ankırı Basin is also visible with high intrinsic attenuation variations in the south. Scattering attenuation only contributes to a small portion to the total attenuation in the investigated region and furthermore, lateral variations of scattering attenuation are small in the central part of the NAFZ. These two observations imply that crustal small-scale heterogeneities (for example fractured upper crustal rocks) only have a secondary influence on total seismic attenuation. Overall geological differences across the NAFZ between, i.e., upper Cretaceous ophiolitic melange and granitoids in Ç ankırı Basin (Robertson et al. 2009 ) and Permo-Carboniferous granitic magmatism, and Jurassic high-temperature low-pressure metamorphism in the central Pontides (Okay and Tüysüz 1999) appear to represent the distinct pattern in the variation of attenuation properties between the parts north and south of the NAFZ. Several recent seismological and geoelectrical observations and models, for example, fault guided head wave analysis and 3-D seismic velocity distributions following travel time or waveform tomography-derived imaging (Bulut et al. 2012; Yolsal-Ç evikbilen et al. 2012; Fichtner et al. 2013a, b; Delph et al. 2015; Ç ubuk-Sabuncu et al. 2017) , as well as 2D and 3D geoelectric models of the crust (Tank et al. 2005; Kaya et al. 2009 Kaya et al. , 2013 provided additional data on the evidence for lithological differences.
Conclusions
We apply an inversion approach using local earthquakes in the central NAFZ region to investigate intrinsic and scattering attenuation properties of the crust in the frequency range from 1.5 to 12.0 Hz. Spatial variations of intrinsic and scattering attenuation maps at various frequency bands exhibit a strong dominance of intrinsic attenuation in the entire region. We observe high attenuation parameters for the central Pontides in the north with respect to the Ç ankırı Basin in the south. Heat flow measurements in the study area suggest that this distinct distribution of attenuation parameters across the NAFZ might have a thermal origin. Results are consistent with findings from previous studies on the isotropic and anisotropic seismic velocity structure in the region. Estimations of the source magnitude parameter in the inversion indicate a good agreement with local magnitudes within the earthquake catalog provided by the AFAD. The good fits between synthetic seismic envelopes calculated based on acoustic radiative transfer theory under the assumption of multiple isotropic and observed envelopes imply that our approach can be applied, even in this tectonically very complex setting. under the permissive MIT license and is distributed at https:// github.com/trichter/qopen. The facilities of IRIS Data Services, and specifically the IRIS Data Management Center, were used for access to seismic waveforms, related metadata, and/or derived products used in this study. 
